Previous classifications of lung ventilators are discussed with their attendant disadvantages. The need for a new classification is indicated, and a new classification proposed. This classification is based on flow control and force characteristics, together with the peak pressure achieved by the ventilator. Examples are used to illustrate the new classification.
During the last two decades there has been a large increase in the number of different types of machines for artificial ventilation. These vary in action, mechanism and capability, so that a problem of classification is introduced. Whilst some classifications are more or less successful in dividing the artificial ventilators into groups by such variations as flow or pressure generating properties, method of cycling, and power development, these classifications do not facilitate the choice of a ventilator for a particular respiratory problem.
In the following article it is proposed to discuss only lung ventilators as defined by the British Standard Institution (1964) as " a device which is connected to the patient's upper airway and is designed to augment or replace the patient's own respiratory effort". Classification will be based on the inspiratory phase only, the expiratory phase at present is best considered by the very simple means of positive (supraatmospheric), atmospheric or negative (subatmospheric) pressure. This is because there has been little study of expiration and because it is more dependent upon the patient's respiratory characteristics than is inspiration.
The first classifications were attempts to achieve simplicity at the expense of accuracy, although at the time of their introduction they seemed also to be accurate. These were the classifications of Elam et al. (1958) , Fairley (1959) and Hunter (1961) , which are fundamentally the same. In each of these, ventilators are divided into one or two groups, depending upon whether the volume delivered or the pressure produced in the airways is selected, the other variable being dependent upon the lung characteristics (Table 1) . This division has remained in common usage because of its simplicity, but it is inadequate because some ventilators fit into both groups (e.g. "Pulmoflator" and "Pulmomat") and others only partially fit into the grouping (e.g., the time cycled ventilators such as the" East-Radcliffe ,. and the flow cycled such as the" Autovent "). Also, it is impossible to predict ventilator potentialities from this classification because of insufficient data, nor is it possible to compare ventilators within either of the groups.
A more detailed and accurate classification was that of Mapleson, introduced in 1959 Mapleson, introduced in and elaborated in 1962 Mapleson, introduced in and again in 1969 (Table 1) . He separates ventilators by whether they produce a low pressure or a high pressure to drive the gas into the lungs. If the driving pressure produced by the machine is low, then the ventilator is a pressure generator and the flow likely to be affected by alteration in the patient's respiratory characteristics, and if the driving pressure is high then the ventilator is a flow generator and less likely to be influenced by alteration in the patient's respiratory Fairley (1959) Volume constant-pressure variable Pressure constant--volume variable Hunter (1961) _ _ Volume preset Pressure preset Mapleson (1969) Flow generator-time cycled volume cycled pressure cycled Pressure generator--time cycled volume cycled flow cycled Norlander (1964) Constant force generatornon-adjustable flow adjustable flow Increasing force generatordirect action indirect action Grogono (1972) . _  Minute  Tital  Inspiratory  volume  volume  flow  stable  stable  stable  flexible  flexible  stable  flexible  flexible  stable  stable   flexible   flexible   stable  flexible characteri<;tics. This classification, like the previous two, IS still fairly simple and uses common terminology. It allows more predictability of function, but effectiveness in any given condition can only be obtained by trial as the strength* of the ventilator is not given. This classification also has the deficiency of leaving the impression that flow and pressure in the airways are not related, although the classification is actually a spectrum with flow generators imperceptibly becoming pressure generators. As Mapleson says (J 969), "If a low pressure in series with a low resistance is to be regarded as a constant-pressure generator, and a very high pressure in series with a very high resistance is to be regarded as a constantflow generator, then, at some intermediate point, there must be a transition from one to * Degree in which a thing (,-entilator) is strong (effective). (Concise Oxford Dictionary of Current English, 5th Ed., 1964.) the other". Its biggest fa ilure, however, is that it does not differentiate, within the flow and pressure groups, between the different force patterns of the ventilators, and hence flow patterns in the airways. The classification is also inadequate as certain ventilators fit into both major groups (e.g. "Pulmoflator" and "Barnet Mk III ").
Mapleson subdivides his two major groups by means of "cycling", or the method of ending the inspiratory phase of the ventilator. Time cycling is the most accurate term where a ventilator ends inspiration either in a preset time or as a fixed proportion of a respiratory cycle whose length is set by a rate control. Pressure cycling similarly is a straightforward term, but the action of the ventilator will vary depending upon the position of the pressure sensor relative to the various resistances in the respiratory circuit. There is probably no truly volume-cycled ventilator. This would require a measuring unit to record the inspired or expired volume and thus end inspiration (however the " Bird .Mk 17 " is an attempt in this direction).
Machines described as volume cycled are those in which a bellows or piston empties with a preset stroke. This does not mean that this volume has entered the patient or even left the ventilator due to leaks, gas compression, or tube and bellows compliance. In some cases the volume delivered may be greater than expected owing to continuing fresh gas flow during the inspiratory phase, as in some bag-inbox ventilators for anaesthesia. All such ventilators would be better described as strokecycled.
Flow-cycled ventilators are those which depend upon a continuing flow to hold open a valve. When this flow falls off the valve shuts. This system is seen in such an apparatus as the "Autovent". Combination cycled ventilators exist, as do those where the mode of cycling may be changed.
Following these classifications, Holaday and Rattenborg in 1962 introduced the idea of assisted ventilation in addition to controlled. This concept is useful clinically, but only of marginal importance for the mechanical classification of ventilators.
The next classification was produced by Norlander (1964) when he introduced the more complex idea of force, which is not in common use in anaesthesia. Force is the measurable influence exerted by the ventilator upon the enclosed gas. As pressure is proportional to force, pressure may be used as an index of the force developed. Norlander divides ventilators Anaesthesia and Intensive Care, Vol_ IT, No. 2, May, Jfl74 into two groups by their driving force characteristics. If the driving force is the same throughout the inspiratory phase, then the ventilator is in the constant force group, and if it increases during inspiration then it is in the increasing force group. The classification is, however, not consistent as both groups are subdivided differently (Table 1) , and it is also inadequate as there are decreasing force ventilators such as the " Minivent " and " Barnet Mk II ". This idea of force is not as helpful as it might seem to be, as a high constant force ventilator may easily be as strong as or stronger than an increasing force ventilator of lesser capabilities; so once again usefulness of ventilators in a given situation cannot be predicted from the classification. Norlander assesses this driving force by measuring the power output of the ventilator as assessed by the product of flow and pressure when the ventilator is functioning into a test-lung system. Also, Norlander does not include the mechanism ending inspiration. Under unchanging conditions of respiratory mechanics the end-point of inspiration will have a set of constant values for inspiratory time, tidal volume, end inspiratory pressure and gas flow, one or more of which determines the end-point, depending upon whether the ventilator is time, volume, pressure or flow cycled. If respiratory conditions change, the effect on each value will depend upon the mechanism of cycling. If airways resistance rises or compliance is reduced, a time or pressure cycled ventilator will deliver a lower tidal alveolar volume, while a truly volume-cycled machine should allow no change. Only an accurate knowledge of the internal mechanism permits prediction of the performance, and thus the mechanism of cycling is an important part of the complete classification of ventilators.
The British Standards Institution (1964) has issued a further classification of lung ventilators which is a mixture of the classifications of Elam, Fairley, Hunter, Mapleson, and Holaday and Rattenborg.
The classification also includes apparatus for artificial ventilation other than intermittent positive pressure machines, such as those mentioned in the Medical Research Council's pamphlet (1939) . This British Standard classification has now been accepted by the International Standards Organisation (1968). The classification describes lung ventilators in three ways (Table 2) , but because of its coarse nature, and because it does not use power or force ideas, it has no clinical usefulness (also see Collis and Rochford 1967) .
The newest attempt to classify ventilators is that by Grogono (1972) , where he uses the ability of the ventilators to maintain constant minute volume, tidal volume and inspiratory flow rate. This classification suffers from the defect that "stable" ventilators with average patient characteristics may become "flexible" ventilators with very abnormal patient characteristics. Also, other features such as the method of cycling, the shape of the inspiratory flow wave form, and the relative strength of ventilators within the same group are not classified. In analogue form, artificial ventilation of the lung may be represented by the application of an intermittent voltage (or intermittent current) to an electrical circuit (Campbell and Brown 1963 , Wald et al. 1968 , Baker 1971 . At any given time the voltage within such a circuit will vary at different sites whilst the current will be the same, unless there is a parallel system when the total current equals the sum of the individual currents. For the purposes of analogy, voltage is equivalent to airways pressure and current to flow of gas. Thus at any moment in time the pressure will vary throughout the airways system while the flow will be the same, at least down to carinallevel, after which the system is analogous to Cl parallel electrical circuit. Gas compressibility is ignored and laminar flow assumed for this analogy (Baker 1971) . In a similar way as current remains the same, the gas flow remains the same both from the ventilator and in the patient's trachea, and flow seems to be the most logical factor to use for the classification of ventilators.
In the new classification all ventilators may be considered as flow producers, and their ability to maintain a predetermined flow pattern examined under all patient pathological conditions. The first major division of this new classification must depend upon the inspiratory flow stability of the ventilator, if the ventilator can maintain its flow pattern it is classified as flow controlled or load independent, but where adverse conditions of the patient materially affect the flow it is referred to as flow uncontrolled or load dependent. The ability of a ventilator to maintain its preset flow pattern against the impedance of a patient is determined by the driving force or pressure. Therefore those ventilators capable of producing high respiratory pressures will be more load independent and vice 'Jcrsa. It is possible to measure the maximum pressure that each ventilator can produce and thus to allocate it to a place in this classification. At the same time an arbitrary figure has been used to divide Flow Controlled from Flow Uncontrolled. This figure has been selected as 50 mm Hg as the pressure required to maintain the set flow in patients under extreme pathological conditions, but another figure may be used if desired. This value was chosen as being a pressure consistent with the values obtained in patients 'with very severe pathology. These patients require 10-15 watts of power to ycntilate them adequately. This figure derives from Norlander (1964) , who found that 0·85-1·5 kpmjs (8·34-]4'71 watts) of power were necessary in patients with "increased resistance to the gas flow (e.g. severe bronchoconstrictions as in asthma) or reduced compliance (e.g. 'fluid lung', pulmonary oedema) ". This means that for patients with normal respiratory mechanics many ventilators classified on this criterion as Flow Uncontrolled will functioll as flow controlled, but with limited capabilities in other circumstances (e.g. "Barnet }Ik II "). The pressure potentiality of a ventilator is measured by allowing it to work against an infinite resistance and recording the maximum pressure of which it is capable. This pressure potentiality alone is inadequate for determining the likely characteristics under clinical conditions. It would, for example, be possible to have a ventilator capable of high pressure under test conditions but able to produce only a negligible flow. For this reason the" Flow Capability" is also measured. This gives the flow which the ventilator is capable of producing under standardized conditions.
Having decided whether the ventilator is flow controlled or uncontrolled, then the force pattern can be studied in detail, using Norlander's method (1964) , or by inspection of the engineering principles, to decide the type of force that the ventilator exerts and whether that force is of a fixed nature, or whether it is adjustable to give different patterns of force. These subdivisions may be applied to the two major groups. And finally each of these four subdivisions may have the cycling mechanism applied to it. Cycling may be time, pressure, stroke, flow controlled or a combination. In addition each ventilator can have a pressure potential and flow capability applied which allows immediate comparison of the ventilator with other ventilators.
This classification has been chosen in preference to the measurement of power output as in Korlander, and in Peslin (1969) . Measurement of power requires the product of inspiratory flow by pressure and as has been shown the pressure varies through the system and so the power output recorded will also vary depending upon the position of the pressure probe. Engstrom and Norlander (1962) measured this pressure between trachea and atmosphere and thus recorded the power expended in a given patient. Peslin measured the power expended in a given ventilator using a different position for the pressure measurement. To find the capability of a ventilator using this method, a set of arbitrary values representing patient impedance must be selected. These have to be mid-range values. If the resistance tends to maximal, flow will be low, or if the resistance is minimal little pressure will be generated; both these conditions will require only a small power output.
RESl"LTS Jleasurement of peak pressure potentiality was carried out by recording the maximum pressure achieved when a ventilator was working against an infinite resistance. Ventilators were tested as delivered. The standard ventilator tubing supplied was occluded at the patient end. Any safety valves were set to maximum pressure. In order to ensure that the maximum possible ~o ••• FIGURE I.-Photograph of the discs used for standard resistances with the B.S. taper adaptors modified for pressure measurClnent.
Anaesthesia and Intensive Cure, Vol. 11, No. 2, May, 1.974 pressure was recorded, certain settings had to be made. In all cases the ventilators were set to deliver their maximum possible tidal volumes and pressures. Tests were made at frequencies of 10 and 30 breaths per minute, and where adjustable the inspiratory and expiratory times were made equal. Thus the limiting factors must be the mechanical strength of the driving system of the ventilator or the pressure at which any blow-off, pressure limiting or safety valves function. Such a system may be regarded as akin to zero compliance. An adequate flow capability was ascertained by measuring the flow produced through two standard resistances. As the measurement of pressure is easier and more readily available than the measurement of flow, the pressure produced behind the resistance was recorded and related to a pressure/flow curve for each resistance. Using similar resistances and the graphs, anyone with a pressure transducer can produce the results.
The standard resistance is a brass disc contained in two modified B.S. taper connectors (Figure 1) . A manometer connection is taken from the proximal tube. Three discs are used, each a sliding fit within the distal connector and each 3 mm thick. One is solid for pressure potential measurements, and the other two each have a hole of diameter 3 ·45 mm and 6 ·35 mm respectively. The larger orifice resistance is used for testing adult ventilators, and the smaller orifice for paediatric ventilators or the paediatric attachments of adult ventilators.
Pressure/flow curves for the resistances are shown in Figure 2 . Under test conditions these relationships remain applicable. The final classification is shown in Table 3 and a tabulation of those ventilators tested occurs in Table 4 . CONCLUSION This new classification advances previous systems by avoiding confusion with flow and pressure in the airway~; by measuring the maximum force potential of the ventilator; by allowing for adjustable ventilator force patterns as well as fixed force patterns; and lastly by setting a higher value on the force that differentiates the load independent ventilator from the load dependent one, so that the classification orientates itself towards more severe respiratory mechanics rather than the so-called" average". The classification is proposed because it allows of direct comparison between existing ventilators. Provided a certain flow capability is achieved, when ventilators are compared on the basis of pressure potentiality a direct comparison may be made concerning their relative strengths. Thus ventilators of similar force potential and flow wave pattern must produce the same physiological effects for equal tidal volumes and times. This overcomes the difficulty experienced in the past when pressure waves which were determined under experimental conditions were used as a classification, when under clinical conditions the wave form is not reproduced necessarily at any point of the airways.
Nowadays more patients with severe chest pathology are needing to be ventilated and are requiring ventilators of greater strength to accomplish adequate ventilation within the physiological time limits. It is hoped that this classification will help to differentiate the ventilators for use in these circumstances, as well as providing a consistent guide to their potential in all circumstances.
